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Abstract 



Oh 

^ Gauge mediated supersymmetry breaking (GMSB) is a theoretically well-motivated 

4^ framework with rich and varied collider phenomenology. In this paper, we study the 

Tevatron limits and LHC discovery potential for a wide class of GMSB scenarios in 
^ which the next-to-lightest superpartner (NLSP) is a promptly-decaying neutralino. 

These scenarios give rise to signatures involving hard photons, VF's, Z's, jets and/or 
O higgses, plus missing energy. In order to characterize these signatures, we define a small 

number of minimal spectra, in the context of General Gauge Mediation, which are 
parameterized by the mass of the NLSP and the gluino. Using these minimal spectra, 
^ we determine the most promising discovery channels for general neutralino NLSPs. We 

^ find that the 2010 dataset can already cover new ground with strong production for 

all NLSP types. With the upcoming 2011-2012 dataset, we find that the LHC will also 
^ have sensitivity to direct electroweak production of neutralino NLSPs. 



1 Introduction and Conclusions 



The discovery era at the LHC is underway. Within the next two years, a large dataset is 
expected to be collected at 7 TeV. This is guaranteed to result in a rapid and dramatic ex- 
pansion of the sensitivity to new physics, especially involving light colored states. Hopefully, 
we will even discover something. 

As experimentalists plan their searches for new physics, now is the time to think carefully 
about how to design these searches optimally in order to cover as many scenarios as possible. 
It is also the time to think about how to report these results in the most meaningful way. 

Gauge mediation is an extremely well-motivated and theoretically-sound supersymmetric 
scenario (for a review with original references, see [IJ). It automatically solves the SUSY 
flavor problem, and it provides a calculable and predictive framework. It also has rich 
and distinctive phenomenology [2HH]- Recently, a model independent framework for gauge 
mediation was formulated in [9l [10] . This has greatly expanded the possible parameter space 
for gauge mediation, and has led to a renewed interest in more general signatures [TTH22]- 

In gauge mediation, the LSP is a nearly-massless gravitino. The lightest MSSM sparticle 
is then the next-to-LSP (NLSP), and it always decays in a universal way to the gravitino 
plus its SM superpartner. Since this decay rate is heavily suppressed by the SUSY-breaking 
scale, NLSP decays can be prompt or displaced; in this paper we will focus on the prompt 
case. This suppression of the decay rate also means that all heavier sparticles decay first 
down to the NLSP before decaying to the gravitino. Therefore, the nature of the NLSP is 
the most important aspect of the GMSB spectrum for collider signatures. 

The most well-studied and well-searched-for gauge mediation scenario is where the NLSP 
is a bino-like neutralino. Then the discovery signature consists of 77 + ^rp. The LHC reach 
in this channel has been studied by several authors, including [23l l2l] . 

In this paper, we will study the simplest generalization of this, namely general neutralino 
NLSPs. Even this simple generalization leads to very interesting, much less well-explored 
signatures. These involve high leptons, Z's, I^'s, jets, and/or higgses plus missing energy. 
An example of such a signature is shown in figure [TJ These signatures have been recently 
studied for the Tevatron in [Tl]. As discussed there, the phenomenology of general neutralino 
NLSPs is best understood by going to simplifying gauge eigenstate limits. Then the types 
are: bino NLSP, wino co-NLSP and higgsino NLSP. Higgsino NLSPs in turn can be classified 
by their decay modes - they can decay dominantly to Z's (Z-rich), to higgses (h-rich), or 
roughly 50/50 to Z's and higgses (mixed). 

The focus in [llj was on direct electroweak NLSP production at the Tevatron. We expand 
upon this analysis by including the possibility of strong production, and by exploring the 
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Figure 1: One example process with colored production of wino co-NLSPs. Here, two gluinos 
are pair produced, and each one decays through an on (or off) shell squark to two jets and 
a charged or neutral wino. In this example, the neutral wino decays to a photon and a 
gravitino, while the charged wino decays to a leptonic W and a gravitino. The gravitinos 
carry missing energy, so that the signature is / + 7 + jets + ^rp. 

LHC reach. In doing so, we will see explicitly the complementarity of the early LHC and 
the Tevatron with respect to strong vs. electroweak production. 

In traditional models of gauge mediation, such as Minimal Gauge Mediation [23H27], the 
spectrum is controlled by a small number of parameters (and just one mass scale), and as 
a result, there are many relations among the sparticle masses. In particular, the colored 
sparticles (squarks, gluinos) are generally fixed to be much heavier than the electroweak 
sparticles. Therefore, the discovery potential at the early LHC, given limits from LEP and 
the Tevatron on the electroweak sparticles, is considerably reduced. 

In more general models of gauge mediation, however, there is no reason for the colored 
sparticles to be heavy. As was shown in [9l [10] , in the broader parameter space of General 
Gauge Mediation, there is no a priori relation between the colored and electroweak sparticle 
masses. All that must be satisfied are two simple sum rules for the squark masses. Therefore, 
the allowed colored sparticle masses in General Gauge Mediation can go much lower than in 
Minimal Gauge Mediation, and the potential for discovery at the early LHC is much greater. 

With these considerations in mind, we will formulate minimal spectra in this paper which 
allow for significant strong SUSY production at the early LHC, and populate the many final 
states available to general neutralino NLSPs. Our parameter spaces consist essentially of a 
colored production scale (gluino mass for simplicity) and the NLSP mass. We will decouple 
all other sparticles from the spectrum which are not essential for production or for the 
signature of interest. Our approach is very similar to the "simplified models" approach 
utilized by many authors in recent phenomenological studies [TTHT3| . 
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Our minimal spectra will be useful to both theorists and experimentalists for designing 
and optimizing searches, and reporting and interpreting their results. Below we will discuss 
the limits from Tevatron searches on our benchmark parameter spaces. Using simple cuts 
and crude detector simulations, we will also estimate the reach at the LHC in clean final 
states. For easy reference, we summarize here the various Tevatron and LHC search channels 
that are relevant for GMSB with a promptly-decaying neutralino NLSP. In table [T| we list 
the existing Tevatron searches that we find to be most constraining for bino, wino, and 
Z-rich higgsino NLSPs. In table |2| we show the LHC search channels that have discovery 
potential for these scenarios. We have also included in table [2] the current LHC analyses in 
these final states. We note that there are still many final states left to be explored. Table |2] 
should be seen as our personal wishlist for the next round of LHC analyses. 

The outline of this paper is as follows. In section [2| we introduce simple benchmark spec- 
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Table 1: The strongest Tevatron limits on bino, wino and Z-rich higgsino NLSPs. 
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Table 2: The most promising discovery modes at the LHC for bino, wino and higgsino 
NLSPs. In this paper, we have conducted detailed simulations to determine the LHC reach 
in the first five channels listed here. 
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tra for studying the colored production of bino, wino, and higgsino NLSPs. Each spectrum 
consists of a gluino and the NLSP. We also discuss the production cross-sections and decay 
branching ratios that will determine the signal rates in the rest of the paper. Sections [3} 
|4| and [5] contain our main results, where we show the Tevatron limits and LHC reach for 
our bino, wino, and Z-rich higgsino benchmark spectra. Finally, in section [6} we consider 
more general higgsino scenarios, with decays to 7, and Z. In appendix we discuss the 
consequences of extending our framework to consider a less minimal spectrum, where both 
a gluino and squarks contribute to the colored production of wino co-NLSPs. 

2 Minimal Spectra for General Neutralino NLSPs 

In this section, we describe our minimal benchmark parameter spaces for general neutralino 
NLSPs. As discussed in the introduction, we will be taking simplifying limits where the 
NLSP is a gauge eigenstate: either bino, wino or higgsino NLSP. We now highlight several 
important features of each type of neutralino NLSP, namely the NLSP decay modes and 
production channels. For a more detailed discussion, we refer the reader to 

A neutralino NLSP decays to X + G, where X = 7, Z, h, and the different gauge eigen- 
states are characterized by having different branching fractions to the different X. The 
branching fractions of the bino-like and wino-like neutralino NLSP are shown in figure [2] 
We see that binos dominantly decay to photons with branching fraction ~ cos^ 9wi with 
a subdominant component to Z's, with branching fraction ~ siv?6w- On the other hand, 

Bino Decays Neutral Wino Decays 




200 400 600 800 1000 200 400 600 800 1000 

mg 

Figure 2: The bino and neutral wino NLSP branching fractions to Z or 7 plus gravitino [TT]. 
The branching fraction is determined by the weak mixing angle, and, at low mass, by the 
phase space suppression of decays to Z's. 
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Figure 3: The three minimal parameter spaces for general neutralino NLSPs that we study 
in this paper. We consider a gluino that is heavier than a bino, winos, or higgsinos, with the 
other superpartners decoupled. 

these branching ratios are flipped for a neutral wino NLSP, which decays mostly to Z. A 
higgsino NLSP dominantly decays to Z or /i, with branching ratio that depends on the value 
of tan/3 and the sign of /i. Following [TT], we will specialize to three cases: (1) the higgsino 
decays are Z rich at low tan/3 and positive /x, (2) /i-rich at low tan/3 and negative /x, and (3) 
roughly evenly mixed between Z and h at moderate to large tan/3. (The above discussion 
applies to the entire GGM parameter space, but it is important to keep in mind that more 
complicated frameworks, such as the presence of multiple supersymmetry breaking sectors, 
can lead to different NLSP branching fractions |41j.) 

We note that when the NLSP is mostly wino, there is generically a very small splitting 
between the charged and neutral wino |12]. When this happens, the three-body decay to 
the neutral wino becomes squeezed out, and the charged wino prefers to decay directly to 
and a gravitino [TT]. In other words, the neutral and charged winos become co-NLSPs, 
and the final states contain PF's, along with Z's and 7's. On the other hand, the splitting 
between the charged and neutral higgsinos is generically larger, such that only the lightest 
neutralino decays directly to the gravitino. 

Our simplified spectra are shown in figure |3] Basically, we consider varying the gluino 
mass M3 and the NLSP mass (Mi, M2 or /i depending on whether the NLSP is bino, wino 
or higgsino, respectively). All other states are decoupled (their masses are set to 1.5 TeV), 
since they do not play an important role in the signatures of interest. The MSSM higgs 
sector is taken to be in the decoupling limit, with the SM higgs mass set to irih = 120 GeV. 
We always fix the NLSP decay length to be prompt, ct^lsp = 0.1 mm. For the higgsino 
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Figure 4: The NLO production cross-sections at 7 TeV LHC relevant for our benchmark 
models |l3llll]. For each model, we consider the colored production of gluinos, shown to the 
left. For the wino and higgsino benchmarks, there are also electroweak production modes, 
shown to the center, and right, respectively. 

simplified model, we specialize to the Z rich case, fixing tan/3 = 2 and /i > 0. In section [6} 
we will also consider scenarios with /i-rich and mixed higgsinos. 

Our benchmarks yield the minimal spectrum with strong production cross-sections at 
the LHC and inclusive signatures from NLSP decays to the gravitino. As long as searches 
are designed to look inclusively for the NLSP decay, including additional states between 
the gluino and the NLSP should not make a difference. We have verified that including 
squarks in addition (or in place) of gluinos does not affect the conclusions very much - the 
predominant effect being a modified colored production cross-section. We will consider an 
example with both a gluino and squarks in appendix |Xj We emphasize that these minimal 
parameter spaces do correspond to physical models, since the entire GGM parameter space 
was covered by a perturbative messenger model in [TU] . 

Our simplified spectra are characterized by several types of SUSY production, with NLO 
cross-sections shown in figure |4j For each benchmark, there is colored gluino production, with 
rate set by the gluino mass. For the wino and higgsino NLSPs, there is also the possibility of 
direct NLSP production with electroweak cross-sections. While the Tevatron currently has 
the advantage here because of its much larger dataset, we will see below that the LHC will 
have sensitivity to electroweak production with ^1 — 5 fb^^. 
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Figure 5: The Tevatron limit (blue) and 7 TeV LHC reach (red) for our bino NLSP bench- 
mark. We allow the background to range from 1-10 fb. Backgrounds at this level do not 
affect the 35 pb~^ reach, but lead to a reach that varies within the shaded bands for 1 and 
5 fb~^. The gray triangular region corresponds to gluino NLSP, rrig < m^, which we do not 
consider in this paper. 

3 Bino NLSP 

3.1 Tevatron Limits 

We begin by specializing to pure bino NLSP, and determining the Tevatron limit on colored 
SUSY production. Note that for both Tevatron and LHC, the direct bino production cross- 
section is negligible, so all the limits on this scenario will come from production of heavier 
states, such as gluinos in our case. 

As discussed above, the dominant NLSP decay mode is -B — )■ 7 + G. The strongest limit 
comes from the 77 + final state, as described in table [T] This is the leading channel 
because of the large branching ratio of about {cos"^ 9w)^ ~ 0.6, and low SM background, 
which is dominated by QCD with fake missing energy, and a combination of real and fake 
photons. The most recent search in this channel was carried out by D0 with 6.3 fb~^ [33] . 

We determined the limit from the D0 77 + search on the bino NLSP parameter 
space, defined in section |2} by simulating the efficiency of the search on our signal. Here, and 
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LHC 77 + 

Pt,j > 50 GeV 
< 1-5 
> 100 GeV 

Table 3: Event selection criteria for a hypothetical 77 + X + search at the LHC. 

throughout this paper, we use Pythia 6.4 for event generation [15], and PGS 4 for detector 
simulation [IH]. For the Tevatron, we use LO pythia cross-sections throughout. (This is just 
for simplicity - including K-factors will make very little difference on the limit contours in 
the mass plane, since the K-factors at the Tevatron are generally at most ~ 1.5 even for 
colored production, and since the cross-sections are rapidly falling functions of mass.) The 
limit is depicted by the blue shaded region in figure |5| We see that the Tevatron excludes 
~ 500 GeV. The limit mostly depends on the gluino mass, which sets the production 
cross-section, but it does weaken slightly at lighter bino masses, < 100 GeV. With such 
light binos, there is less energy available for the photons and gravitinos, leading to a lower 
acceptance. 

Since there are always at least two jets in every event coming from gluino decay, we have 
also checked the Tevatron limit from jets plus missing energy, using the D0 search with 

2.1 fb~^ [33. This search always sets a much weaker limit than 77 + bino NLSP, due 
to larger backgrounds. 

3.2 LHC Reach 

At the LHC, 77 + remains the best discovery mode for bino NLSPs. In order to estimate 
the discovery reach, we have chosen simple cuts, shown in table |3| These cuts are designed 
to look inclusively for two hard, central, isolated*^^-* photons, together with a missing energy 
requirement of > 100 GeV. It is difficult to estimate the background of these cuts, since 
it is dominated by QCD with fake missing energy. Instead of attempting to simulate the 
background, we estimate the exclusion reach of the search using the background range of 1 
- 10 fb. We believe this estimate to be reasonable, given the existing MC studies and actual 
searches by the LHC collaborations (see e.g. [371 HZ])- 

•-^'For the LHC reach estimates in this paper, we have modified the photon and lepton isolation definitions 
of PGS to demand that the extra calorimeter Et, in a AR < 0.4 cone, is less than 10% of the Et (pt) of 
the photon (lepton). 
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The expected exclusion contours are shown in figure [sj with luminosities of 35 pb^^, 
1 fb~^, and 5 fb^^. Here, and throughout the rest of the paper, we use Prospino 2.1 for 
NLO SUSY production cross-sections at the LHC The expected exclusion contours 

correspond to 95% confidence level limits using the CL^ statistic ^8], assuming the null 
hypothesis that the number of data counts will be equal to the expected background. The 
reach with 35 pb~^ corresponds to a gluino mass of about 600 GeV. We note that CMS 
has already published a search in this channel, and the limit they set is close to our esti- 
mate [37]. Similarly to the Tevatron limit, the reach weakens slightly at lower bino mass, 
< 100 GeV, due to less energy available for the photons and gravitinos. Looking ahead 
to the 1-5 fb"^ that are expected from the rest of the 7 TeV run, the reach is spectacular, 
probing gluinos up to about 1 TeV. 

4 Wino co-NLSP 
4.1 Tevatron Limits 

Now we consider the reach of wino co-NLSPs at the Tevatron. We recall from the discussion 
in section |2] that both the charged and neutral winos are co-NLSPs, so both prefer to decay 
directly to gravitinos. Several different production modes and final state channels are relevant 
for wino co-NLSPs. 

• Direct wino production. Winos can be produced directly in the combinations W~^W~ 
(through an s-channel Z) and VT'^iy^ (through an s-channel W^). The former leads 
to W^W~ in the final state, and the latter leads to a and a Z/-^. 

• Colored production. When gluinos are produced, each gluino can decay to either a 
charged or neutral wino, leading to jets plus W~^W~, W^W^, or W^W^. 
Note that the final two possibilities are unique to colored production, and they can 
lead to 77 and same-sign lepton final states. In our benchmark, the gluino has an (9(1) 
branching fraction to decay to both the charged and neutral wino. For example, fixing 
the gluino (wino) mass to 700 (300) GeV, there is a 35% branching ratio to the neutral 
wino, and a 65% branching ratio to the charged wino. 

Due to the many possibilities discussed above, we have found that several different chan- 
nels searched for at the Tevatron place complementary limits on wino co-NLSPs. The most 
constraining channels are listed in table [T] missing energy with Z^7, 77, or jets. We show 
our estimate of the limits from these searches on our wino co-NLSP parameter space, on 
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Figure 6: Tlie Tevatron limit ileji) and LHC reach (right), for our wino co-NLSP bench- 
mark. At the Tevatron, we see that the (purple), 77 (red), and jets plus MET (green) 
searches are complementary, with each search dominating the limit in different parts of the 
gluino/wino mass plane. At the LHC, we show the reach of our proposed 77 and l^j searches, 
compared to the CMS ax search, with 35 pb~^ and 1 fb~^. For the 77 search, we allow the 
background to vary from 1 - 10 fb. For the l^j search, we vary the background from 1/2 
to 2 times our estimate of 1.43 fb. Backgrounds at this level do not matter at 35 fb~^, but 
they lead to the purple band at 1 fb, where the dotted line corresponds to a background of 
1.43 fb. 

the left side of figure |6] For the /^7 search, we have raised the missing energy cut from 
25 to 50 GeV using the distributions in [34|, as this has been shown to improve the 
signal significance [TTj. We see that the three searches are complementary, with jets+prp 
dominating at high wino mass; / + 7+ ^-p winning at low wino mass, because it probes direct 
electroweak production in addition to strong production; and 77 + setting the strongest 
limit at intermediate wino masses. We note that we have also checked the Tevatron limit 
from same-sign dileptons, using the 1 fb~^ search by CDF [IH], and the limit is weaker than 
the channels discussed above, due to the relatively low branching ratio. 
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Figure 7: A comparison of electroweak/wino versus colored/gluino production for our bencli- 
marli. We liave taken m^y = 300 GeV and rrig = 700 GeV, points where tlie overall colored 
and electroweak cross-sections are comparable, at 160 and 120 fb, respectively. The upper 
left plot shows the lepton and photon pt spectra, the upper right plot shows the missing 
energy, the lower left plot shows the i — '^r^, transverse mass (with SM W + 'y also included 
for comparison), and the lower right plot shows the Ht = ^\Et\ of jets. The cuts of our 
proposed search are showed as vertical dashed lines. 

4.2 LHC Reach 

We consider the LHC reach to discover wino co-NLSPs, using the channels listed in table [2] 
^^7; 77; or jets plus missing energy. These are the same channels that we found to set the 
strongest limits at the Tevatron. For 77 + we use the same cuts as for bino NLSP, 
described in table [2j For jets+^rp, we take as an example the CMS ax search conducted 
with 35 pb~^ [38], whose performance we extrapolate to higher luminosities. 

In order to estimate the LHC reach in the /^7 + final state, we use the cuts in 
table |4j We require at least one hard, central, isolated lepton and photon, large missing 
energy, and large transverse mass between the hardest lepton and the missing energy. These 
cuts were crudely optimized to distinguish between background and signal. Some kinematic 
distributions for colored vs. electroweak production are shown in figure [7j We see that the 
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Table 4: Event selection criteria for a hypothetical £7 + X + search at the LHC. 



Background 


Cross section (fb) 


Cross section after cuts (fb) 


W{iiy) + 7+ jets 


711 


0.35 


tt + 7 


63.4 


0.59 


tt{£e) 


9460 


0.49 


Total 




1.43 



Table 5: SM background rates before and after cuts for a hypothetical £ + 7 + search at 
the LHC. These were generated using MadGraph with a p^- > 80 GeV cut on the photon. 
They are LO only. The + 7 + jets is a fully-matched + 1 + 2 jet sample with a jet 
matching scale of 15 GeV. 

transverse mass cut is extremely effective at removing the W^'y background, while keeping 
most of the signal. In the other kinematic distributions, we see that gluino production leads 
to a slightly harder MET spectrum, similar lepton and photon kinematics, and significantly 
more hadronic energy manifested in the jet Ht- In order to be sensitive to direct wino 
production, we found that a hard cut on Ht was counterproductive. 

We have estimated the SM background rate for these cuts, which is dominated by W'j 
+ jets, ti'j, and ti. For our background estimate, which is shown in table [5| we use Mad- 
graph 4.4 [50] for event generation and PCS 4 |16] for detector simulation. For W'j, we use 
a matched sample with up to 2 jets, with a matching scale of 15 GeV. The tt background 
corresponds to doubly leptonic tops, where an electron fakes a photon. This fake rate is dom- 
inated by the probability of losing the track pointing to the calorimeter, which we estimate 
to be 2%^'^\ Our total background estimate is 1.43 fb, but to allow for systematic errors in 
this estimate, we consider a band of background estimates ranging from (0.5 — 2) x 1.43 fb. 

The estimated reach for these three channels is shown to the right of figure [6} with inte- 
grated luminosities of 35 pb~^ and 1 fb^^. We see that jets plus missing energy provides the 
best reach at high wino mass, while the 77 and /^7 have stronger reach at intermediate wino 

'■^^We thank Y. Gershtein for help with this point. 
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Figure 8: The !prp distributions of our wino co-NLSP benchmark, fixing rrig = 600 GeV, and 
comparing heavy (595 GeV) versus hght (195 GeV) winos. We see that the heavier wino 
leads to a much harder distribution, which explains why jets+^-p is more powerful at 
heavier wino mass. 

mass. We also see that by 1 fb~^, the LHC will surpass the Tevatron reach for electroweak 
production, and the l^j channel will probe the direct production of wino co-NLSPs up to 
masses of 250 GeV. 

A few more comments about the sensitivity of jets+^-p to wino NLSPs are in order. First, 
the dramatic weakening of the jets+ search at lower wino masses is interesting. The reason 
for this behavior is that at lower wino mass, there is significantly less energy available for 
the gravitinos, and therefore less missing energy. This is shown in figure |8| where the 
distributions for two different wino masses and the same gluino mass are overlaid. Second, 
we note that at high wino mass, where the is highest, the jet energy comes from the 
electroweak Z and W decays, instead of the gluino decay. Finally, we comment that the 
success of jets+^T is model dependent, because such searches usually veto leptons in order 
to fight the SM background from W plus jets. Intermediate sleptons in the spectra can give 
leptons in the final state that activate these vetoes. In this situation, more inclusive and 
77 searches are more effective. 

Finally, let us also mention two more signatures that would be interesting to explore, 
and which we expect to have competitive sensitivity to wino co-NLSPs, compared to the 
final states considered here. These are 7 + jets + and i + jets + The point is 
that the 77 + and £7 + final states considered here, while very clean, are branching 
ratio suppressed. For instance, to go to 77 + one pays a branching fraction price of 
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Br(^ — )■ W'^ + X)^ X Br(14^° — > 7 + G)"^ ~ 1%. Thus requiring only a single photon or a 
single lepton will enhance the signal rate considerably. By cutting harder on jets and !prp, 
perhaps one can suppress SM backgrounds while keeping the signal rate high. ATLAS has 
recently put out a 35 pb^^ search for i + jets + and it would be interesting to derive 
its constraints and projected reach in our wino co-NLSP parameter space. There is so far 
no published 35 pb^^ LHC search for 7 + jets + ^rp, but we suggest that such a search be 
carried out. 

5 Z-rich Higgsino NLSP 

5.1 Tevatron Limits 

In this section, we address the Tevatron limits on a higgsino NLSP that dominantly decays 
to Z bosons. As discussed in section [2} the lightest neutral higgsino decays dominantly to 
Z's when tan /3 is low and fi is positive. The strongest Tevatron limits are listed in table [l| 
jets+!prp (the jets here come from both the gluino decay and Z decays), and a CDF search 
for Z(e+e^) + jets + where the invariant mass of the two jets are required to fall within 
60 to 95 GeV. Our estimate of the limits of these searches is shown to the left of figure [9j 
We see that the D0 jets+^T search beats the search for Z — > e^e^ by a small margin. We 
also see that both limits are mostly independent of higgsino mass, and correspond to a limit 
on gluino mass of about 350-400 GeV. The electroweak production of higgsinos has not yet 
been constrained by the Tevatron [TT] . 

We note that higgsinos introduce an important difference in the topology of the gluino 
decays. In the previous bino and wino benchmarks, the gluino decayed three-body to the 
neutralino and two jets, through an off-shell squark. But the higgsino couples predominantly 
to heavy flavor, where the mass of the top can squeeze out the three-body decays. In this 
regime, the dominant gluino decay is a one-loop two body decay, g — )■ (7-^1,2- We use 
SDECAY |51] to compute the relative branching ratios of the two and three-body decay 
modes. 

5.2 LHC Reach 

We now consider the LHC reach for a higgsino NLSP that decays predominantly to Z's. We 
suggest two dedicated searches for this final state. One requires one leptonic Z plus jets 
plus missing energy, and another looks for ZZ — Ai plus missing energy. The latter is an 
extremely clean channel, but it suffers from a suppressed signal rate due to branching ratio 
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Figure 9: Tlie Tevatron limit (left) and LHC reach {right), for our higgsino NLSP benchmark. 
At the Tevatron, we find that jets plus missing energy (green) sets a stronger limit than the 
search for a leptonic Z plus jets and missing energy. At the LHC we compare the reach with 
our proposed single and doubly leptonic Z searches, to the CMS ar search. At 35 pb~^, the 
doubly leptonic Z search does not improve upon the Tevatron limits, so is not shown. We 
then show the limit with 5 fb~^, which roughly corresponds to the luminosity required to see 
the electroweak branch at low rrifj. The purple band corresponds to 1/2 and 2 multiplied by 
our background estimate of 28 fb^^, shown as a dashed line. 



suppression Bt{Z — )■ £~^i~) ~ 0.06^. As shown in table [2| we also compare the reach of these 
two final states to the performance of jets plus missing energy, where we again use the cuts 
of the CMS aT search. 

The cuts for our suggested search for one leptonic Z plus jets and missing energy are 
shown in table [6] We demand that two opposite-sign same fiavor leptons reconstruct the Z 
mass, we require missing energy above 100 GeV, and we require Ht above 100 GeV, where 
here the Ht includes both jet and lepton pr (jets with px > 10 GeV and |?7| < 2.5, and 
leptons with pt > 10 GeV and \ri\ < 1.5). The dominant background is dileptonic ti where 
the two leptons happen to fall within the Z mass window. We estimate this background rate 
to be 21 fb, including an NLO K-factor [52]. The second important background is leptonic 
decays of dibosons, ZZ and ZW, which contribute a total of 7 fb at LO. In order to estimate 
the reach, we take the background to be the sum of these two sources (so 28 fb in total). In 
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LHC Z + HT+'^r 


N,+ , N,- > 1 
PT,e± > 20 GeV 
\r]f± \ < 1.5 


rriinvii^i') e (85, 95) GeV 
> 100 GeV 
ifr > 100 GeV 



Table 6: Event selection criteria for a hypothetical Z{i^i ) + Ht + search at the LHC. 



LHC Z{i+i-)Z {£'+£'-) + 

Pt/ > 10 GeV 
\Vi\ < 2-5 
> 50 GeV 

Table 7: Event selection criteria for a hypothetical 4i + search at the LHC. 

order to account for systematic uncertainty, we consider a range of backgrounds from 0.5 to 
2 times this estimate. 

For two leptonic Z's plus MET we use the cuts shown in table [7j Here we require at 
least four isolated leptons with moderate pt and cuts. For this channel, we assume that 
the background is zero. 

The estimated exclusion reach for Z-rich higgsino NLSP is shown in figure [9j At 35 pb^^ 
we find that the search for one leptonic Z sets the strongest limit. The search for two leptonic 
Z's does not yet surpass the Tevatron limit, due to the small branching fraction, so the reach 
is not shown. We also show the reach for all three searches with 5 fb~^. We find that jets 
plus missing energy sets the strongest limit at high higgsino mass. This is because large 
higgsino masses lead to more energy in the gravitinos and therefore higher missing energy. 
Meanwhile, the searches for one or two leptonic Z's are stronger at low higgsino mass, and 
we find that the electroweak production branch may be visible with 5 fb^^. 

A couple of comments about existing LHC searches are in order. There is a 35 pb^^ 
ATLAS search for multileptons plus missing energy [53]. However it (like many multilepton 
searches before it!) vetoes on Z's in an effort to reduce the SM background. Such multilepton 
searches will completely miss the ZZ — )■ Ai plus final state discussed here. Second, there 
is a 35 pb^^ CMS search for OS dileptons plus jets plus missing energy |5l]. In one search 
strategy, they again veto on Z's, which renders that part of the search irrelevant for our 
purposes. In a second search strategy, they do not veto on Z's, but instead require extremely 
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hard and Ht- This is also not optimized for the Z-rich higgsino scenario. Such hard 
and Ht cuts will have a drastic effect on our signal acceptance, especially in the electroweak 
production branch. We believe a more optimized approach is to instead adopt a tight Z-mass 
window as in table [i 



6 Other Higgsino Types 



Above, we focused on higgsinos that dominantly decay to Z bosons. In this section, we 
briefly discuss several more general possibilities, which highlight additional discovery chan- 
nels. Recall from above that the higgsino dominantly decays to Z's at low tan /3 and positive 
/i. For larger values of tan/3, the higgsino decays to a roughly even mixture of Z's and /I's. 
For this mixed Z/h scenario, a promising discovery mode is to search for a leptonic Z plus 



(up to) two 6-jets from the higgs, plus missing energy. On the left of figure 10, we show the 
cr X Br for this final state (all cross-sections are NLO in this section), again for a simplified 
spectrum with a gluino and a higgsino, now taking tan /3 = 20, /i < 0. For the higgs sector 
we again take nih = 120 and decouple the other MSSM higgses. 
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Figure 10: a x Br into the Z[t^i~) + /i(66) (/e/i) and hiW) + h{}^)) (right) final states, for 
the mixed Z/h and /i-rich higgsino benchmarks, described in the text. These are promising 
final states to discover higgsino NLSPs that decay to higgses. 
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Another interesting possibility is where the higgsino dominantly decays to higgses. This 
occurs at low tan/3 and negative /i. A promising final state is double higgs production, 
h ^ bb + h ^ bb plus missing energy, where up to four b-tags can be requested. To the right 



of figure [10} we show the cr x Br for this final state, setting tan /3 = 2, < 0, and again 
taking the decoupling regime for the higgs. 

One exciting scenario is that the LHC will discover an excess in one of the above final 
states, by relying on 6-tags to suppress backgrounds. Then, with more data, it may be 
possible to reconstruct the higgs with &-jet masses. Therefore, if the NLSP is a mixed Z/h 
or higgs-rich higgsino, the discovery of supersymmetry may also include an early discovery of 
the higgs boson! We also comment that if the higgs is heavy enough, rrih ^150 GeV, there 
can be an appreciable branching ratio to /i — )■ WW*, and the b's in the above topologies can 
be replaced with multilepton final states. 

So far in this paper, we have focused on pure gauge eigenstate NLSPs, for simplicity. 
But there are additional final state channels that can turn on when the NLSP is a mixture. 




Figure 11: The h — )■ bb+'y final state can be used to discover an NLSP that is a higgsino/bino 
admixture. The left plot shows the branching ratio into this final state as a function of Mi and 
II, and we see that the branching ratio is only large when these parameters are comparable. 
Ml ~ fi. The right plot shows a x Br for our higgsino/bino admixture benchmark, described 
in the text. In this benchmark, we fix Mi = —1.1 x fi with negative /i, which is shown as a 
dashed black line on the left plot. 
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For example, if the NLSP is a bino/higgsino admixture, there can be a large branching ratio 
of the NLSP to both photons and higgses. An NLSP of this type may be discovered in the 
7 + 26 plus missing energy final state. To the left of figure 11, we show the branching ratio 
into this final state, as a function of Mi and /i, fixing tan /3 = 20 and taking /i < 0. We see 
that a large branching ratio requires some tuning. Mi ^ \fi\. To the right of figure 11, we 
show o" X Br into this final state, fixing Mi = — 1.1/i. 
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A Comments on Non-minimal Spectra 

In this paper, we have considered a set of minimal spectra for general neutralino NLSPs 
in gauge mediation. We have used these minimal spectra as a sandbox to explore inclusive 
searches for general GMSB signatures. However, it is also worth considering what can happen 
with non-minimal spectra. In this appendix, we will comment briefly about the differences 
in using non-minimal spectra, focusing for simplicity on the wino co-NLSP scenario. 

The first major difference that can occur when using non-minimal spectra is different 
rates for Tevatron vs. LHC. In the body of the paper, we decoupled all the colored states 
except the gluino, for simplicity. However, bringing down the squarks can greatly enhance 
the production cross-section of the LHC over the Tevatron. This in turn can lead to more 



optimistic projections and stronger motivations for early LHC searches. Shown in figure 12 
are the Tevatron limits and LHC reaches in a non-minimal scenario, in which the squarks 
are also light. Specifically, we have decoupled the up- type squarks in order to satisfy the 
GGM sum rules |9]; the remaining squark masses mg^ and mj^ are set to 25 GeV below 
the rrig (the slight offset is to ensure that gluino decays are simple). We see from figures 
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that while the Tevatron limits are similar to the decoupled squark case shown in figure [6} 
the LHC reach contours are significantly enhanced. 

A second major difference in using non-minimal spectra was already mentioned in sec- 



tion 4.2 Including different intermediate sparticles can affect the relative importance of the 
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Figure 12: Tlie Tevatron limit (left) and LHC reacli (right), for a non-minimal wino co-NLSP 
benchmark where the squarks are also light. 

different final states. This is especially stark in the case of non-inclusive searches such as 
jets + ^q;., which typically veto on leptons (and also photons, in the case of the CMS a-r 
search) to suppress backgrounds from W + jets. In our minimal spectrum the only source 
of leptons was from — )■ + G decays. But if there exist intermediate sleptons in the 
spectrum, it is possible for most events to contain extra leptons, thereby greatly diminishing 
the sensitivity of jets + ^2^^ type searches. This sensitivity to additional states should be 
kept in mind when attempting to compare the power of different final states. Sometimes, the 
relative performance between two different searches, within a particular simplified parameter 
space, can be misleading. 
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